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Abstract
Objectives—The hypothesis of this study was that there are multiple factors that are dominant in 
causing external apical root resorption (EARR). The objective of this investigation was to better 
understand the clinical factors that may lead to EARR.
Material and Methods—Maxillary cone-beam computed tomography (CBCT) scans of 18 
subjects who were treated with bilateral canine retractions during orthodontics were used to 
calculate EARR. The subjects were treated using well-calibrated segmental T-loops for delivering 
a 124 cN retraction force and the moment-to-force ratio suitable for moving the canine under 
either translation or controlled tipping. The subjects’ age, gender, treatment duration, and 
genotypes were collected.
Results—Six subjects out of eighteen showed definite EARR, meaning that load was not the 
only causing factor. All five subjects with the genotype identified had G/G genotype of IL-1β 
rs11143634, indicating people with this genotype may be at high risk. Longer treatment duration, 
female, and older age may also contribute to EARR although the findings were not statistically 
significant.
Conclusion—EARR appears to be related to multiple factors. The orthodontic load and the 
genotype should be the focuses for future studies.
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Introduction
External apical root resorption (EARR) is a side effect that occurs during orthodontic 
treatments. It is characterized by root shortening or shrinking.1 EARR occurs only in certain 
patients. It is very important to identify the dominant factors causing EARR so that 
clinicians may adjust treatment to prevent it. EARR is a multifactorial issue1. Level of 
orthodontic load sensed by the tooth2–5, treatment type1, 6–14, duration1, 2, 10, 15–27, 
genotype1, 28–33, and age1, 16, 23, 34–37 are considered as the potential contributing factors. 
Common consensus is that the elevated stress due to the orthodontic load on a tooth, 
especially in the periodontal ligament (PDL), causes EARR38; longer treatment also 
increases the chance of EARR1, 2, 10, 15–27. Al-Qawasmi et al.28 found that the Interleukin 
IL-1β gene contributes to EARR. Previous studies also indicated that older people are 
vulnerable1, 39. Most systematic studies were on animals. Clinical data are critical to validate 
the findings. The major obstacles to validate these clinically had been the ability to control 
the orthodontic loading and to reliably assess the EARR.
Clinical orthodontic load systems reported in literatures were normally qualitative. Typically, 
the loads provided by the actuators (like segmental wire or spring) were reported, which 
were not the load sensed by the tooth. The load on a tooth is difficult to quantify in-vivo. 
Root length change had been widely reported as evidence of EARR. 2D images were 
primarily used for measuring root shortening. Errors due to difficulty to align the images 
taken at different time points could have occurred.40, 41 Studies on premolar extraction cases 
proved the existence of EARR. 2–4 Limited information is available for understanding 
clinical effects of orthodontic treatment on EARR. A clinical study with well-controlled 
orthodontic load and reliable tooth length and volume measurement will help understand the 
dominant factors to EARR.
The hypothesis of this study was that there are multiple factors that are dominant in causing 
EARR. The objective of this study was to investigate EARR associated with well-controlled 
canine retraction treatment. The evaluated factors include treatment strategies, level of 
orthodontic force, the genotype, the age, the gender, and treatment duration.
Materials and Methods
Eighteen subjects (7 males and 11 females) who needed bilateral maxillary canine 
retractions were involved in this study. The study was approved by the Institutional Review 
Board. The inclusion criteria included necessity of extraction of both maxillary 1st 
premolars and maxillary canine retraction as a part of the orthodontic treatment. The average 
age of subjects was 19±9 years old. The age ranged from 12 to 47 years old. One of the 
subjects was 47 years old, one was 35 years old, and the other sixteen subjects were between 
12 to 22 years old. The subjects went through the canine retractions. The cone-beam 
computed tomography (CBCT) scans of the 18 subjects were used for assessing EARRs.
Prior to the study, the right and left 1st premolars were extracted and the upper dental arch 
was leveled and aligned with 0.019×0.025-inch stainless steel archwire engaged in .022×.
028-inch slot brackets. The maxillary second molars were included in the archwire and were 
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co-ligated to the maxillary second premolar and first molar with a .010 stainless steel wire 
on each side, which served as anchorage. The bilateral first molars were connected with a 
transpalatal arch for anchorage reinforcement. Segmental T-loops designed for providing 
124 cN initial retraction force and the desired moment-to-force ratios (M/Fs) were attached 
to the corresponding first molar and the canine by clinicians. The M/F, which was based on 
the location of the center of resistance obtained by using finite element (FE) method, was 
accomplished by adjusting the gable bends. The controlled tipping (CT) load had relatively 
lower M/F than translation (TR). The load system delivered was quantified by an 
orthodontic force tester. Details of the experimental protocol, the specially designed T-loops, 
and the repeatability testing results were reported previously.42 For each subject, customized 
segmental T-loops were randomly assigned to the right or left canines to implement either 
TR or CT force. The treatment period varied depending on the size of initial space, 
appointment, and inter-subject variations. The average was 4.9 months. The age and 
treatment duration for each subject were recorded. To maintain the desired force and M/F, 
the T-loops were replaced with new loops when a canine displaced >1 mm.
All CBCT scans were performed on the same i-CAT Imaging System (Imaging Sciences i-
CAT) of the Indiana University School of Dentistry. The voxel size was 0.25 mm and the 
scan time was 26.9 seconds. The scans of each subject were taken immediately before and 
after the canine retraction. The same setting was used for all the scans.
The EARR was quantified by using the CBCT scans obtained immediately before and after 
canine retraction. The CBCT images were processed with MIMICS 13.0 (Materialise, 
Belgium). The canine was segmented first, and the tooth length was easily measured by 
using the 3D length measuring function in MIMICS. The tooth length was defined as the 
distance between crown tip and root tip. (See in Figure 1a) The length reduction measured 
from the pre- and post-treatment scans was used to quantify EARR.
The metal bracket causes reflection blur at the crown area in the CBCT images, which leads 
to unreliable contour recognition. The crown portion was removed because the EARR 
primarily occurs at the apical portion of the root. To make a consistent cut for all teeth, a 
sphere with 10 mm diameter and centered at the crown tip was created, and then the sphere 
part including the entire crown was cut from the tooth. The volume of the remaining part of 
the tooth was considered as the root volume. (See Figure 1b)
If the difference in tooth length between pre- and post-treatment canine CBCTs was > 
0.5mm, this was considered EARR. A difference less than 0.5 mm was considered uncertain 
because of the 0.25 mm voxel size of the CBCT image, thus was not counted as EARR. For 
volume change, because the average volume of the layer of the root surface with one voxel 
thickness was 73±11 mm3, only the volume change larger than that were determined as 
definite volume change.
The maxillary canines and incisors were evaluated for root resorptions. During the canine 
retraction using the segmental T-loops, only the canines were under orthodontic force, but 
the incisors were not. Therefore, it was expected that there should be no root resorption on 
the incisors.
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Subjects’ saliva samples were collected using the DNA Collection Kit (OG-100, DNA 
Genotek, Canada) and genomic DNA from saliva was extracted using Oragnene Purifier 
(OG-L2P, DNA Genotek, Canada and quantified spectrophotometrically using the default 
OD260nm absorbance algorithm, then stored at −20°C until use. Automated polymerserase 
chain reaction (PCR) were performed on PTC-100 Programmable Thermal Controller (MJ 
Research, Canada) and allelic discrimination were done using the 7300 Sequence Detection 
System (Applied Biosystem, Foster City, CA), TaqMan® polymerase probes and primers 
using the method provided by DNA Genotek (TaqMan® SNP Genotyping Assays Protocol). 
Rs1143643 (Applied Biosystems TaqMan® C_1839949_10), rs1143634 (Applied 
Biosystems TaqMan® C_9546517_10), rs1143629 (Applied Biosystems TaqMan® 
C_1839945_1_) for IL-1β, and rs1794065 (Applied Biosystems TaqMan® C_3133518_10), 
rs315952 (Applied Biosystems TaqMan® C_1151247_10), and rs315951 (Applied 
Biosystems TaqMan® C_948691_1_) for IL-1RA were genotyped.
Associations of gender and of the distribution of each genotype with EARR were analyzed 
using Mantel-Haenszel chi-square tests and age and treatment duration were evaluated using 
two-sample t-tests.
Results
Some of the maxillary canines showed definite EARR while all incisors evaluated had no 
definite EARR. Table 1 shows the calculated root length and volume changes of the canine 
on the TR and CT sides as well as the apical tooth displacements43 as functions of subject’s 
gender, age, treatment duration, and genotype. The incisor root shortenings were all less 
than 0.5 mm, thus were not included in Table 1. The apical tooth displacements were 
reported previously.43 The root reduction equal to or greater than 0.5 mm was marked red, 
which were considered as the definite EARR. The volume changes were less than 75 mm3, 
the resolution due to the voxel size of the CBCT images, thus were considered as non-
definite. The p-values of these factors are shown in Tables 2 and 3.
The genotype distribution and allele frequencies of single nucleotide polymorphisms (SNPs) 
in subjects with high and low levels of EARR are presented in Table 2. Although the sample 
size is small, all five subjects who have their genotype tested and with high level of EARR 
have the GG genotype of IL-1β rs1143634, which is statistically significant (p=0.031). None 
of the tests for the other SNPs reached statistical significance.
Discussion
This study investigated EARR associated with well-controlled canine retractions. The 
orthodontic load on each subject was calibrated so that the treatments were similar. The 
EARR was evaluated using the teeth’s 3D images, which is more accurate. Thus, the results 
are more accurate and reliable.
The limitation is the small sample size. The sample size needs to be adequate to support 
meaningful conclusions. It depends on the data’s variation level controlled by the variation 
of individual control factor. There are multiple factors causing root resorption, such as 
orthodontic force level, treatment type, and methods of quantification of root resorption. 
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Controlling of these factors have been a major challenge in previous studies. The previous 
studies used data from various types of clinical cases and evaluated root resorption based on 
2D radiographs. The orthodontic force level was not assessed nor controlled, which might 
vary greatly; the treatment was not consistent; and the 2D evaluation of root resorption 
might introduce large errors [ref]. These factors introduce large variations, causing the needs 
to have large samples to raise the statistical power. Two recent review papers called for 
matching cases/controls in future genetic study of root resorption, which is what we were 
trying to do. In our study, we have identical clinical case, the well-controlled orthodontic 
load, and more reliable 3D assessment of root resorption. These will significantly reduce the 
variations of the control factors and increase the accuracy of quantification of root 
resorption. These measures will reduce variation and the needs of large sample size. 
Therefore, the study does provide clues on the dominant factors upon which to focus when 
studying EARR.
The tipping and translation here represented treatment intentions, which were implemented 
using different M/F, higher M/F for translation and lower M/F for tipping. They did not 
represent actual clinical displacement patterns due to the fact that the T-Loop’s M/F was 
very sensitive to interbracket distance change due to tooth movement so that it changed as 
the tooth moves. 42
EARR due to canine retraction was investigated in this clinical study. Well-controlled 
orthodontic loads were applied to the subjects and the EARR was measured from 3D CBCT 
images, which eliminated the errors due to misalignment that may occur in EARR 
assessment when 2D radiograph are used.40, 41 In this study, “tooth length” was used instead 
of “root length” to determine EARR, which will eliminate the effects of different methods to 
define the root. It is generally accepted that crown length does not change during orthodontic 
treatment.
The resolution of this method should be two times the CBCT’s voxel size (0.25 mm). 
Therefore, only root change greater than 0.5 mm was considered conservatively as definite 
EARR. There were definite EARR on canines in six subjects. Other changes were all 
negative, meaning root shortening. For the same subjects, the incisors that had no 
orthodontic load applied, did not show definite EARR. The results indicate:
1. EARR does occur during canine retraction under a 124 cN retraction force.
2. The load may trigger EARR because the incisors that have no orthodontic load 
do not have it.
3. The orthodontic load is not the only dominant factor causing EARR because it 
occurs in only few subjects.
Orthodontically induced EARR is believed to be related to multiple factors including 
orthodontic load, age, treatment duration, and genotype. The effects of these factors on 
EARR were evaluated. It appears that apical tooth displacements did not show clear patterns 
in terms of intrusion or extrusion, thus their impacts on EARR were not assessed.
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Effect of orthodontic load
Our study suggested that orthodontic load is a contributing factor causing EARR, which 
agrees with the reports from previous studies. These studies showed that heavy force 
produces more EARR39, 44. Our results showed that a retraction force at 124 cN level is 
sufficient to cause EARR. This study also indicated that the load may not be the only 
dominant factor. All subjects had received the well-controlled orthodontic load on either the 
TR or CT side. If the load system is the only dominant factor, then all subjects would have 
consistent clinical outcomes on CT or TR side, which was not observed. In our study, of the 
6 out of the 18 subjects showing definite EARR on the TR side, 3 subjects exhibited EARR 
on the CT side, which indicated that biological factors may also strongly contribute to 
EARR.
No root showed definite root lengthening, indicating root shortening is dominant during 
canine retraction. Although it was not statistically significant (p=0.83), teeth on the TR side 
had more definite root shortenings and higher average root shortening than on the CT side. It 
might imply that TR may cause more EARR. When designing the treatment strategy, with 
the same retraction force, TR side had higher M/F than CT side, meaning higher correction 
moment, which may be one of the causes for EARR.
Theoretically, EARR may be characterized by the root shortening and surface cavities. Both 
of them result in volume reduction. The volume change was also calculated and shown in 
Table 1. The measured change due to canine retraction was not severe enough to be 
considered as definite EARR because of the current CBCT resolution. Thus, the conclusion 
was not decisive. Images with better resolution will help provide more accurate evaluation, 
although exposing subjects with more radiation.
Treatment duration
It has been commonly accepted that longer treatment causes EARR.39, 44 Our results support 
this. The average length of the treatment for the six identified EARR cases was 204 days vs. 
117 days for the none definite cases (p=0.0255). However, long treatment time alone may 
not cause it because several subjects with long treatment did not show definite EARR.
Age
Limited clinical knowledge is available on the age effect on EARR. Jiang et al. reported in 
an clinical study that older people tend to have more EARR.39 Our study did not show 
statistically that the age makes significant difference (p=0.06); however, the data did agree 
with Jiang’s finding. The two elder subjects with ages 47 and 35 had definite EARRs. The 
other four subjects who had EARR had average age similar to those who did not show 
definite resorption (16.5 vs. 16.7 years of age). Although the sample size was small so that 
no conclusion could be made, the data suggested that the older subjects might be more at 
risk for EARR.
Gender
It is not clear whether gender is a factor of EARR. However, our results show that female 
patients tended to be more likely to experience EARR, since five of the six patients who 
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have EARR are female. However, the difference did not reach statistical significance 
(p=0.18).
Genotype
The interleukin-1 (IL-1) family consists of at least three structurally related polypeptides: 
IL-1α, IL-1β, and IL-1 receptor antagonist (IL-RN)45. IL-1RN inhibits IL-1α or β activity 
by specifically binding to the IL-1 receptor46 and the overall balance between IL-1 and 
IL-1RN determines physiological function and may be involved in disease pathogenesis47. 
Genes of IL-1α, IL-1β and IL-1RN are polymorphic and recently, Al-Qawasmi et al. have 
found that the IL-1β and its polymorphisms may contribute to EARR28. In our study, the 
genotype of fourteen out of the eighteen subjects was identified. The results were compared 
with EARR to see if it occurs only in subjects with a particular genotype. Five of them have 
definite EARRs. The others had the tooth length difference less than 0.5 mm, thus were not 
counted due to our established criterion. Eight of them have GG genotype of IL-1β 
rs1143634. However, all five EARR subjects have this genotype. There were no other 
genotypes that were common in this subject group. The result indicates that GG genotype of 
IL-1β rs1143634 may be a necessary indicator of a patient who is vulnerable to root 
resorption, although it is not sufficient. Other indicators will also need to be identified. 
Although the sample size is small for us to make a strong conclusion, the results do indicate 
that subjects with GG genotype of IL-1β rs1143634 may be vulnerable for EARR.
Conclusions
The results of this study support the following conclusions.
• Canine retraction under a retraction force of 124 cN may result in EARR.
• Teeth with no orthodontic load do not have EARR.
• Patients with GG genotype of IL-1β rs1143634 may be at higher risk for EARR.
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Highlights
• Canine retraction under a retraction force of 124 cN may result in EARR.
• The teeth that have no orthodontic load do not have EARR.
• The orthodontic force alone is not sufficient to cause EARR. The high risk 
factors causing EARRs may be older, female, longer treatment time, high 
moment-to-force ratio and patients with GG genotype of IL-1β rs1143634.
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Figure 1. 
(a) Tooth length measurement by using MIMICS (b) Root volume was measured by the 
tooth volume minus the crown volume enclosed in the sphere with 10 mm diameter
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Table 3
The p values of the effects of other factors, including, treatment duration, age, and gender. H – Definite 
EARR, L- Non-definite EARR
H L p-value
Duration in days, Mean (SD) 204 (101) 117 (52) 0.0255
Age, Mean (SD) 24.7 (13.5) 16.7 (2.9) 0.06
Female, N (%) 5 (83%) 6 (50%) 0.18
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